Five Holstein heifers (approximately 8 months of age and weighing 225-275 kg) were inoculated subcutaneously with 1,000 TCID,,, of rinderpest virus, virulent Kabete 0 strain. They become clinically ill 2 to 5 days post-inoculation. with fever (40 C to 4 1.5 C), conjunctivitis, and diarrhea. All were euthanatized when moribund at 6 days postinoculation. The following tissues were collected in formalin, embedded in paraffin, and subsequently subjected to histopathologic and immunohistochernical examination: tongue, buccal rnucosa, soft palatc, esophagus, rumen. abomasum. duodenum. jejunum with and without Peyer's patch, ileum, cecum, proximal colonic lymphoid patch. spiral colon, eyelid. gall bladder, spleen, tonsil, trachea, lungs, and numerous lymph nodes. Inimunohistochemical examination was accomplished using a primary rabbit anti-rinderpest antibody, and either a peroxidasediaminobcnzidine or alkaline phosphatase-Vector Red detection substrate system. In the lymph nodes. spleen. and tonsil. depletion of lymphocytes from all areas was extensive, with antigen most prominent in persisting reticular cells throughout the tissues. In the intestine, necrotizing and ulcerative changes in the mucosa were extensive and widespread. Damage was most severe in areas overlying lymphoid patches. In both small and large intestine. antigen was distributed predominantly in epithelial cells, histiocytic cells in the lamina propria, and in remaining reticular cells o f lymphoid patches. In oral rnucosa, there were multiple ulcerations and numerous multinucleate syncytial cells, both containing and without antigen. Lungs and trachea had subtle yet consistent necrosis of epithelial cells, with antigen often distributed in a circumferential manner in epithelium of bronchioles.
Rinderpest is a contagious disease of cattle that has been responsible for major epizootics and resultant human distress in many parts of the w0r1d.I~ In naive populations, rinderpest usually presents as an acute, severe disease with high morbidity and mortality, with death being attributed to a necrotizing and ulcerative enterocolitis. Rinderpest may also affect sheep and goats, wild ruminants, and pigs.19 A member of the Morbillivirus genus in the family Paramyxoviridae, rinderpest virus (RPV) shares this genus with the viruses of measles, canine distemper, peste des petits ruminants, and phocine More recently, morbilliviruses have also been isolated from porpoises and dolphin^.^.'^ Previous studies have examined the pathogenesis of rinderpest through the use of viral isolation and immunohistochemistry.7~14~16 It was the aim of this study to examine the distribution of antigen and compare that to the lesions produced during the height of severe clinical disease in cattle infected with rinderpest virus.
Materials and Methods

Animals
Five Holstein heifers (case Nos. I-5), approximately 8 months of age and weighing 225-275 kg. were housed in the high containment facility at the Foreign Animal Disease Diagnostic Laboratory on Plum Island, NY, and allowed access to pelleted hay and water ad libitum. All five animals were challenge controls for a rinderpest vaccine study and were inoculated with 1,000 TCID,,, of RPV, virulent Kabete 0 strain, given subcutaneously just cranial to the prescapular lymph node. Animals were observed daily with recording of clinical signs and rectal temperatures. All were euthanatized with barbiturate overdose (Fatal-Plusl-M, Vor-tech Pharmaceuticals, Dearborn, MI) when severely ill or moribund on day 6 post-infection. Routine necropsies were performed and tissues saved in 10% formalin for histopathologic and immunohistochemical examination. Tissues included: tongue, buccal mucosa, soft palate, esophagus, rumen, abomasum, duodenum, jejunum with and without Peyer's patch, ileum, cecum, proximal colonic lymphoid patch, spiral colon, eyelid, gall bladder, spleen, tonsil, trachea, lungs, and various lymph nodes (retropharyngeal, mesenteric jejunal, mesenteric ileal, colonic, right and left prefemoral, tracheobronchial, and mediastinal). For controls, tissues were collected in the same manner from an age-matchcd animal that was not infected with rinderpest.
Histopathology and sections stained with hematoxylin and eosin.
Tissues were embedded in paraffin, sectioned at 4-5 pm,
Immunohistochemistry
Rinderpest Antigen Distribution Tissue sections were placed on poly-L-lysine-coated glass microscope slides, deparaffinized, and air dried. All lymphoid tissues were processed using an alkaline phosphatase detection system; the remaining tissues were processed using peroxidase detection. For these latter tissues, endogenous peroxidase activity was quenched with 3% H,02 for 10 minutes, followed by a running water wash. All slides were then treated with 0.01% trypsin in 0.01 M Tris, pH 7.5, with 0.1% CaC1, and 0.1% NaCl at 37 C for 30 to 45 minutes followed by neutralization with 0.2 M Tris, p H 7.5, with 0.1 M glycine. All slides were blocked with 2% normal goat serum in phosphate-buffered saline supplemented with 0.005% Tween 20 (PBST). After draining the blocking serum, sections were covered with primary rabbit anti-rinderpest antibody, diluted 1 : 500 in PBST, and incubated overnight at 4 C., The following day, sections were washed in PBST and then incubated for 1 hour at 37 C with biotinylated anti-rabbit antibody, diluted 1 : 500 in PBST. After another PBST wash, sections were incubated for 1 hour at 37 C with either avidinbiotin-peroxidase made according to the manufacturers' directions (Vector Laboratories, Burlingame, CA) or streptavidin-alkaline phosphatase (Bethesda Research Laboratories, Bethesda, MD), diluted 1 : 750 in PBST. After another PBST wash, sections were incubated in the appropriate substrate. For the peroxidase sections, the substrate was diaminobenzidine (0.06% in 0.05 M Tris, pH 7.6, 0.03% H,O,). Development progressed for 6 to 10 minutes. For the alkaline phosphatase-treated sections, the substrate was Vector RedTb1 (Vector Laboratories, Burlingame, CA). Color development progressed for 15 to 45 minutes, then most sections were counterstained lightly with Gill's hematoxylin.
Results
Clinical disease
All animals became febrile (40-41.5 C) 2 to 4 days postinoculation. Two heifers (Nos. 2 and 3) developed diarrhea on day 4, the other three (Nos. 1,4, 5) on day 5. Diarrhea was watery to mucoid, light brown, and often flecked with blood. Conjunctivitis with mucopurulent exudate and increased lacrimation were noted on days 4, 5, and 6. On day 6, all five cows became moribund, with severe dehydration. At this time, all were euthanatized.
Necropsy findings
All five animals were well fleshed but severely dehydrated. In each animal, there were linear erosions on the base of the tongue or oropharynx and tonsillar necrosis with hemorrhage. Intestinal lesions were severe in all animals. There was consistent ulceration with fibrinonecrotic membranes in the proximal cecum adjacent to the ileocecal valve. Peyer's patches were affected in all animals, with lesions ranging from multifocal necrosis with minimal hemorrhage to thick hemorrhagic fibrinonecrotic membranes totally replacing the Peyer's patch. Additionally, one animal Prescapular, prefemoral, and mesenteric lymph nodes were small, mottled, and hemorrhagic in all animals. Spleens were flaccid and on cut surface were smooth and uniformly red. In all animals, gall bladders were distended and edematous, with multifocal petechiae on the mucosal surface.
Histopathologic and immunohistochemical findings
Results are presented in Table 1 . Pathologic abnormalities were detected at all levels ofthe digestive tract. In the oral cavity, the tongue, buccal mucosa, and soft palate were examined. In the tongue, there was severe depletion of lymphocytes, accompanied by focal ulceration of overlying epithelium, which was replaced by detached degenerating epithelial cells and acute inflammatory cells. Antigen was strongly detected in both nuclear and cytoplasmic locations within scattered remaining cells in the lymphoid follicles as well as segmentally in clusters of cells of the stratum spinosum ( Fig. 1 ). Buccal mucosa was rarely ulcerated; but in all animals there were infrequent clusters of degenerating, highly eosinophilic cells with poorly defined cytoplasmic margins located in suprabasilar regions. Very often, these clusters contained a syncytial cell. As in tongue, antigen was present in a segmental pattern, with several contiguous suprabasilar cells showing positive staining. In the soft palate there were varying degrees of changes, from the groups of degenerate cells in the stratum spinosum to frank ulceration, with inflammation usually overlying an area of a depleted lymphoid follicle. Antigen was present multifocally, not always in the area of the most obvious cellular degeneration. In all three tissues examined from the oral cavity, syncytial cells were noted with regularity but varied with respect to the amount of antigen present. Esophagus and rumen had minimal histopathological changes, including rare epithelial syncytia and infrequent immunohistochemical staining of clusters of suprabasilar cells. Abomasal changes were mild, with focal areas of cellulanty and edema in the outer lamina propria associated with histochemical staining of histiocytic cells in the lamina propria and in adjacent epithelial cells.
In the duodenum and non-Peyer's patch jejunum, pathological changes were subtle yet consistent. There were varying degrees of focal epithelial necrosis, characterized by groups of 5-10 cells at all levels undergoing karyorrhexis, many with increased cytoplasmic eosinophilia. Poorly defined cytoplasmic inclusions were present in a small percentage of these cells. Lamina propria was, in general, edematous with an increase in mixed mononuclear cells. Distinct antigen was regularly detectable in histiocytic cells in lamina propna and occasionally in epithelial cells, where it was usually cytoplasmic and occasionally nuclear (Fig. 2 Two Peyer's patch areas were examined-one from jejunum and one from ileum. Pathologic changes in the epithelium overlying these two types of Peyer's patches were quite different. In both, there was subtotal to complete destruction of lymphoid follicles, with replacement by necrotic debris, degenerating neutrophils and mononuclear inflammatory cells, occasionally syncytial cells, and herniated crypt epithelium. In the jejunum, mucosa overlying Peyer's patch was totally denuded or markedly attenuated in all five animals. Adjacent mucosa, i.e., that overlying the submucosa just next to the Peyer's patch, was much more normal in appearance but had multifocal areas of acute necrosis scattered throughout, much like that in the sections of jejunum previously described. In three (Nos. 2, 3, and 5) of the five animals, the mucosa overlying the jejunal Peyer's patch was completely replaced by a thick fibrinonecrotic hemorrhagic crust. In contrast, ileal mucosa overlying depleted follicles had foci of attenuated epithelium but was not ulcerated. Antigen was found in cell fragments scattered throughout the remains of the follicular centers in both jejunal and ileal Peyer's patches. Positive staining was found in the fibrinonecrotic crust areas and occasionally in groups of epithelial cells. In the proximal colonic lymphoid patch, there was severe, subtotal depletion of lymphocytes from the follicles, with herniation of crypt epithelium and denudation of overlying epithelium. Antigen staining was similar to that seen in the jejunal Peyer's patch, with scattered distinct deposits in cell fragments in the depleted follicles, focal staining of remaining lamina propria and epithelium, as well as accumulations of stain in the fibrinonecrotic crust overlying the ulcerated zone.
In the cecum and spiral colon (section taken at the level of the central flexure), there were multifocal linear segments of epithelial necrosis, with immunohistochemical staining present in mucosal epithelium as well as in cells in the lamina propria.
Pathologic changes in eyelid were most severe in the sebaceous glands and ducts and in any epithelium overlying lymphoid accumulations. There was necrosis of single sebaceous cells and necrosis of segments of the sebaceous duct lining cells. Occasional syncytial cells were present in duct epithelium. Lymphoid follicles were depleted, with frank ulceration of overlying epithelium. Immunohistochemically, staining was evident in scattered sebaceous gland cells and scattered cells in the epithelium.
The gall bladder was characterized by modest to marked edema expanding the muscularis. Lymphoid follicles were uniformly depleted. In two animals there was distinct single cell necrosis of bile duct epithelium. Immunohistochemically, the greatest amount of staining was in the submucosa in the areas of the depleted lymphoid follicles. Infrequently, epithelial cells also stained.
Numerous lymph nodes (retropharyngeal, mesenteric, colonic, right and left prefemoral, tracheobronchial, and mediastinal) were examined. All displayed varying degrees of the same process, with changes in the intestinal lymph nodes being the most dramatic. The pattern was one of depletion of lymphocytes, ranging from drop-out of cells in the germinal centers to generalized absence of lymphocytes anywhere in the cortex, with only the nodal architecture and karyorrhectic debris being left behind. In the mediastinal lymph node of one animal (No. 2), there were several syncytial cells in the cortex. In many nodes, the subcapsular sinus was distended with mixed inflammatory cells, predominantly mononuclear, and cell debris. This was especially apparent in the retropharyngeal lymph nodes. Immunohistochemically, the staining appeared in the outer cap region of the intact follicles; in depleted germinal centers, staining was more dispersed and appeared in cell fragments or in stellate-shaped cells with distinct cytoplasmic processes. For those lymph nodes with expanded subcapsular sinuses, the staining was often intense here, being present predominantly in cells with a large amount of cytoplasm. Interestingly, in the intestinal lymph nodes, antigen was rarely detected in the subcapsular sinuses. In the medulla, positive staining could be found most frequently in the cytoplasmic processes of cells adjacent to the trabeculae.
In the spleen, there was marked depletion of lymphocytes in all animals. Antigen was detected most frequently in cellular remnants of the periarteriolar lymphoid sheaths, especially at the periphery of depleted follicles. Similarly, tonsils revealed depletion of follicular lymphocytes. There was also distinct necrosis to total destruction of crypt epithelium of tonsils. Immunohistochemical staining occurred in cellular remnants in depleted follicles and also as single cell staining or clusters of cells staining in the epithelium.
Examination of tracheas revealed consistent single cell necrosis of the epithelium, occasionally associated with eosinophilic, cytoplasmic inclusion bodies. Epithelial cells were stained positively immunohistochemically as were both luminal lining cells and glandular cells. In the lungs both bronchi and bronchioles were affected to varying degrees. Affected bronchioles had consistent single cell necrosis, with occasional dysplasia of the epithelium, and normal cuboidal lining cells becoming stratified. In some animals, larger bronchi had scattered necrosis of epithelial cells. Immunohistochemically, all animals had distinct, often circumferential staining of bronchiolar epithelium (Fig.  3) . Scattered epithelial cells of some bronchi stained positively. Submucosal lymphoid follicles, where present, had positive staining of some cells. Control tissues did not stain.
Discussion
In our study, most prominent pathological changes were found in the lymphoid organs and the intestinal epithelium. In the lymphoid organs examined, there was generalized and often subtotal depletion of lymphocytes. Although this was most severe in lymph nodes draining the sites where the most severe lesions occurred (retropharyngeal, mesenteric), it was a generalized phenomenon, with even prefemoral lymph nodes being markedly altered. All that remained in the depleted nodes were prominent stellate reticular cells, corresponding to follicular and interdigitating dendritic cells. In the spleen, there was also marked depletion of lymphocytes from the periarteriolar lymphoid sheaths. Lymphoid depletion in tonsil was subtotal, and epithelial necrosis in tonsil was marked. In all lymphoid tissue examined, immunohistochemically, antigen was most pronounced in the persisting stellate reticular cells and less frequently in cytoplasmic fragments. Antigen was never clearly localized to lymphocytes. Lymphoid depletion and/or necrosis are well- It is interesting that in our study, viral antigen was localized to reticular cells and not as evident in cells of the lymphocytic series, in contrast with a previously reported study, which demonstrated RP antigen immunohistochemically in both reticular cells and lymphocytes.' Some researchers have examined the inter-action between rinderpest and mononuclear cells.18, 21 Tajima and Ushijima2' infected cattle with rinderpest virus and, at 5 days post-infection, examined lymph nodes histologically and ultrastructurally. They noted the same depletion described above and, electron microscopically, found much more virus in the reticular cells than in the lymphocytes. They hypothesized that the reticular cells were able to remain viable with a larger amount of virus, whereas the lymphocytes were rapidly destroyed in the presence of a small amount of virus. In another study examining growth of nnderpest virus in cultured bovine peripheral blood lymphocytes or udder macrophages, the virus infected 10Oo/o of cells in macrophage monolayers but not more than 30% of cells in lymphocytes cultures.I8 It appears from these studies and from our results using immunohistochemistry that the reticular cells of the lymphoid tissue are much more permissive than lymphocytes for replication of virus.
Rinderpest viral antigen was detected with regularity in all the mucosal gut epithelium examined, appearing as staining of individual cells in the lamina propria and as staining of either individual cells or clusters of cells in the epithelial layer. Intensity or degree of staining correlated well with degree of damage, with small intestinal epithelium being affected most severely by histopathology. Pathologic changes consisted of a range of changes, from necrosis of individual cells to total denudation of epithelium. In small intestinal epithelium, histopathologic damage and virus were present in both crypt and villus. There was a very close association between degree of damage to the mucosal epithelium and presence of underlying lymphoid tissue. In general, although pathologic abnormalities were detected in all gut epithelium examined, they were considerably more severe in areas of epithelium overlying subjacent lymphoid follicles, with the possible exception of ileum. The affinity of the virus for lymphoid tissue presumably allows for greater local replication of virus with resulting movement to adjacent epithelium. However, the ileum did not seem to fit this pattern. In nonileal lymphoid areas ofgut Cjejunal Peyer's patch, proximal colonic lymphoid patch), not only were the lymphoid patches subtotally depleted of lymphocytes, but also overlying epithelium was usually completely denuded. In the ileal Peyer's patch, however, although lymphocytes were similarly depleted, the overlying epithelium was usually affected no more severely than that of jejunal non-Peyer's patch areas. It has been shown that the ileal Peyer's patch in ruminants functions differently from Peyer's patches in other areas of gut and is thought to be a mammalian equivalent of the bursa of F a b r i~i u s . '~.~~ Consequently, it may be that there is accordingly different tracking of infectious material in the ileum in comparison to the other lymphoid areas in the gut. This might explain why the epithelium over the lymphoid areas of the ileum was affected less severely than epithelium in other areas.
Syncytial cells or giant cells have been recorded in all the Morbillivirus infections. In measles, these multinucleate giant cells are most frequently observed in lymph nodes and occasionally l~n g . '~.~~ In peste des petits urni in ants,^.^ phocine d i~t e m p e r ,~ and the morbillivirus infection of harbor porpoises, l o syncytial cells are described in pulmonary alveoli. In canine distemper and the most recently described morbillivirus infection of dolphins, syncytial cells are recorded in lung, brain, and lymph node^.^,^,^^ In our study of rinderpest-infected cattle, syncytial cells were noted with regularity in all the stratified squamous epithelial tissues examined (oral cavity, esophagus, rumen, eyelid) and in a mediastinal lymph node from one animal. In the epithelial tissues, these multinucleated cells appeared to form from a coalescence of cells of the stratum spinosum and were often associated with necrosis of adjacent cells. The origin of syncytial cells in the lymphoid tissue was presumably due to coalescence of reticular cells. The presence of antigen within syncytial cells was quite variable.
Both lung and trachea were affected by mild pathologic changes consisting of occasional single cell necrosis of epithelial cells and mild dysplastic changes. Antigen was present consistently in these tissues from all five animals. The staining was present in epithelial cells, in the pseudostratified epithelium and glands of the trachea, and in both bronchial and bronchiolar epithelial cells of the lung. Although tracheitis, bronchitis, and pneumonia are not considered characteristic features of rinderpest, pneumonic lesions are often life threatening in the other m o rbillivirus infections. 1, 2, 5, 6, 9, 10, 17 It appears that, in rinderpest, the virus infects and alters the epithelial tissue of the respiratory tract, but that any damage here is preempted by the severity of the gut lesions.
